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An experimental study of spin wave quantization in arrays of micron size magnetic Ni80Fe20 islands (dots and
wires) by means of Brillouin light scattering spectroscopy is reported.  Dipolar-dominated spin wave modes
laterally quantized in a single island with quantized wavevector values determined by the size of the island
are studied.  In the case of wires the frequencies of the modes and the transferred wavevector interval, where
each mode is observed, are calculated.  The results of the calculations are in a good agreement with the ex-
perimental data.  In the case of circular dots the frequencies of the lowest observed modes decrease with in-
creasing distance between the dots, thus indicating an essential dynamic magnetic dipole interaction between
the dots with small inter-dot distances.
1. Introduction
During the last decade patterned magnetic structures at-
tracted a steeply increasing scientific interest.  On one hand
this is caused by recent progress achieved in lithographic
techniques, which allows the fabrication of high quality,
well-controlled, laterally defined magnetic structures.  On the
other hand it is driven by the miniaturization of high-speed,
high-density, nonvolatile magnetic random access memory
devices, where the application of magnetic structures like,
e.g., dots and wires of micron or submicron sizes is very
feasible [1,2].  However, increasing the memory density by
scaling the bit sizes down to submicrometer sizes is not triv-
ial, since the small size and high lateral density of the islands
in an array affect their static and dynamic magnetic proper-
ties dramatically due to increasing magnetic dipole interac-
tion between the bits.  Although static properties of micron
size magnetic dots and wires have been studied to some
extent [3-6], their high-frequency dynamic properties, which
are of great importance for high-speed optimization of possi-
ble devices, is just beginning [7-11].
The study of spin waves is a powerful method for probing
the dynamic properties of magnetic media in general, and
those of laterally patterned magnetic structures in particular.
From spin wave measurements basic information on the
magnetic properties, such as magnetic anisotropy contribu-
tions, the homogeneity of the internal field, as well as cou-
pling between magnetic islands can be extracted.  This in-
formation is often hard to obtain with other methods.  In
addition, spin waves, which are dynamic eigen-excitations,
define the time scale of a magnetization reversal process,
and, therefore, they are of fundamental importance to
achieve an understanding of the time structure of the rever-
sal.  When the size of the object becomes comparable to the
wavelength of a spin wave under investigation, quantization
(or confinement) effects appear, which lead to dramatic
changes in the spin wave spectrum and the spin-wave density
of states.  The spin wave quantization in magnetic wires
differs from that in magnetic dots, since the former addresses
the quantization of one component of the in-plane wavevec-
tor (perpendicular to the wire axis), whereas the latter the
quantization of both components.
2. Spin wave spectrum of magnetic wires and dots
The problem of the calculation of a spin wave spectrum for
an axially magnetized infinite ferromagnetic wire with a
rectangular cross-section has never been solved analytically
(see, e.g., comments in [12]).  However, in a particular case
of a thin wire described by d << w, where d is the thickness
of the wire and w is its width, the spectrum of long-
wavelength magnetic excitations can be calculated approxi-
mately using the theory of dipole-exchange spin waves in a
magnetic film [13].
The dipole-exchange spin-wave spectrum in an infinitely
extended ferromagnetic medium is given by the Herring-
Kittel formula [14]
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where g is the gyromagnetic ratio, A is the exchange stiffness
constant, 
r
H  and 
r
MS  are the applied magnetic field and the
saturation magnetization both aligned along the z-axis, 
v
q  is
the three-dimensional wavevector, and qq is the angle be-
tween the direction of the wavevector and the magnetization.
In a magnetic film with a finite thickness d the spin wave
spectrum is modified due to the fact that the translational
invariance is broken at the film surfaces.  An approximate
expression for spin wave frequencies of a film can be written
in the form, analogous to Eq. (1)  [13]:
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Here the normal to the film surface points along the x-
direction.  q|| is the continuously varying in-plane wavevec-
tor, Fpp (q||,d) is the matrix element of the magnetic dipole
interaction, and p = 0,1,2,... is a quantization number for the
so-called perpendicular standing spin waves (PSSW).  Equa-
tion (3) is obtained for the dynamic part m
r
 of the magneti-
zation under boundary conditions of “unpinned” spins on the
film surfaces:
0
x
m
2/dx
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If S|| M||q
rr
, the dispersion equation for the lowest thickness
mode (p = 0) can be derived from Eq. (2) neglecting ex-
change as follows [13]:
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It is obvious from Eq. (5) that the frequency of the mode
decreases with increasing wavevector, i.e., the group velocity
of the mode is negative.  This mode is known as a backward
volume mode.
If S|| Mq
rr
^ , the dispersion equation for the lowest thickness
mode (p = 0) calculated from Eq. (2) (for A = 0 as well) in
the long wavelength limit coincides with that obtained from
the Damon-Eshbach (DE) formula [15]:
( ) ( ) ( )[ ] 21dq22ssDE ||e1M2M4HH2
--×p+p+××
p
g
=n . (6)
In general, if the film is magnetized in plane, and if S|| Mq
rr
^ ,
the spin wave modes described by Eqs.(2) and (3) can be
divided into the dipole dominated surface mode (p = 0) and
exchange dominated, thickness- or perpendicular standing
spin wave (PSSW) modes (p > 0).  The frequency of the
former is determined by Eq. (6), while the frequencies of the
perpendicular standing modes (p > 0) can be approximately
(in the long wavelength limit) calculated from the expression
[13]:
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It is clear from Eq. (7) that the np(q||) dependence is rather
weak for q||<<pp/d.  In the general case, when exchange and
mode hybridization effects are important, the numerical
approach is usually used for the determination of the spin
wave frequencies in films [16].
If we consider a magnetic wire magnetized in plane along the
z-direction and having a finite width w along the y-direction
as shown in Fig. 1a, a boundary condition similar to Eq. (4)
at the lateral edges of the wire should be imposed:
0
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An additional quantization of the y-component of ||q
r
 is then
obtained:
w
n
q n,y
p
= (9)
where n = 0,1,2,... .  Using Eqs. (6) and (7) and the quantiza-
tion expression (9) one can calculate the frequencies of
width- (or laterally quantized) modes.  The profile of the
dynamic part of the magnetization m
r
 in the n-th mode can
be written as follows:
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Equation (10) describes a standing mode consisting of two
counterpropagating waves with quantized wavevectors, qy,n.
Note here, that due to the truncation of the cosine function at
the wire boundaries, the quantized values qx,p and qy,n are not
true wavevectors.
The theoretical modeling of the spin wave spectrum in mag-
netic dots faces even more difficulties than the modeling for
the wires.  The problem is obviously connected to the two-
dimensional origin of spin wave confinement in discs.  Ear-
lier experimental studies of the magnetostatic modes of tan-
gentially magnetized macroscopic discs using a ferromag-
netic resonance technique [17] do not present any compari-
son of the experimental findings with the theory.  Surpris-
ingly, despite numerous publications on inhomogeneous
magnetostatic modes in finite-size magnetic samples ( see,
e.g., [18] and references therein) there is no appropriate
theoretical description of such modes up to now.  This can be
probably explained by the low symmetry of the problem.  In
fact, in his pioneering work, Walker [19] considered an axi-
ally magnetized spheroid.  The direction of the in-plane
magnetization of the tangentially magnetized dot breaks the
axial symmetry of the Walker equation [20].  The solution
(analytical or numerical) of the Walker equation, corre-
sponding to a tangentially magnetized disc is still needed.
However, a qualitative analysis of the mode frequencies in a
tangentially magnetized circular dot shows that there are
non-uniform modes with frequencies both higher and lower
than the frequency of the uniform mode, as follows.  For
large wavevectors, when the lateral confinement is not im-
portant, the modes converge to spin waves in an infinite film.
Here there exist two types of spin wave modes: the Damon-
Eshbach modes ( Mq ||
rr
^ ) with a positive group velocity and
the backward volume modes ( M||q ||
rr
) with a negative group
velocity.  Therefore, there can exist modes in a dot with their
frequencies below and above the frequency of the uniform
mode depending on their main in-plane direction, along
which the corresponding wavenumber is largest.
There are very few studies of the dynamic properties of mag-
netic dots and wires.  In early investigations of BLS from
spin waves in an array of permalloy wires Gurney et al. [21]
have observed a splitting of the spin wave spectrum into
several discrete modes.  However, the authors were not able
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to identify the nature of the modes.  Very recently Mathieu et
al. [7] investigated spin wave in arrays of permalloy wires by
BLS.  In addition to demagnetization effects a quantization
of the spin wave mode in several dispersionless modes,
caused by a confinement effect of the spin waves, was ob-
served and quantitatively described [7].  Cherif et al. [22]
studied magnetic properties in periodic arrays of square
permalloy dots.  The spin wave frequencies were found to be
sensitive to the size of the dots and, for the smallest struc-
tures, to the in-plane direction of the applied field.  Hille-
brands et al. [9,23] investigated spin wave properties of
square lattices of micron-sized dots of permalloy with vary-
ing dot separations.  They have found a fourfold anisotropy
which is caused by a magneto-dipole interaction between
residual magnetically unsaturated parts of the dots.
3. Experimental procedure
Our samples are made of permalloy (Ni80Fe20) films with
thicknesses d of 10, 20 and 40 nm deposited in UHV onto a
Si (111) substrate by means of e-beam evaporation.  The
films were covered by Pd or Cr overlayers to prevent oxida-
tion.  Static magneto-optic Kerr-effect (MOKE) measure-
ments on the non-patterned films demonstrated a high quality
of the films documented by a very low (< 5 Oe) induced in-
plane magnetic anisotropy.  After being tested, the films were
patterned to create two-dimensional square arrays of circular
dots or arrays of wires.  Patterning was performed using X-
ray lithography.  The patterning masks were fabricated by
means of a JEOL 5D2U nanopattern generator at 50 keV.  X-
ray exposure was performed at the super-ACO facility
(LURE, Orsay, France) using a negative resist and a liftoff
process with Al coating and ion milling [24].  Different sam-
ples with various combinations of dot diameters (D = 1 and 2
µm), dot thicknesses (d =10, 20, 40 nm) and dot separations
(d = 0.1, 0.2, 1 and 2 µm) as well as wire arrays with wire
thicknesses of 20 and 40 nm, a wire width of 1.8 mm and
distances between the wires of 0.7 mm and 2.2 mm were pre-
pared.  The overall dimensions of the arrays were
500´500µm2.  Figures 1a and 1b present a scanning electron
microscope images of two arrays of magnetic wires with the
same wire widths but with different distances between the
wires and four patterning dot layouts, respectively.  The used
technique guarantees a high-quality patterning process,
which provides a superb flatness of the wire boundaries and
excellent reproducibility of the dot shapes.  An investigation
of the magnetization reversal behavior of the structures,
performed by MOKE magnetometry, showed that the mag-
netic easy axis of the wire array was along the wire axis,
which is expected from magnetic shape anisotropy consid-
erations.
The spin wave properties were investigated at room tem-
perature by means of BLS in a backscattering geometry using
a computer controlled tandem Fabry-Perot interferometer
which is described elsewhere [25].  BLS is used since a long
time for the investigation of spin waves in thin magnetic
films and layered structures [26, 27].  However, this tech-
nique is particularly well suited for the investigation of spin
waves in laterally patterned systems.  The main advantages
of BLS are its high spatial resolution defined by the size of
the laser beam focus, which is 30-50 mm in diameter, and the
possibility to investigate spin waves with different absolute
values and orientations of their wavevectors, ||q
r
.  The former
circumstance allows one to investigate small pattern areas,
which simplifies the patterning procedure.  Performing the
BLS experiment with different ||q
r
 one can obtain the infor-
mation of the spatial distribution of the magnetization m
r
 in
a laterally confined island (dot or wire), and one can identify
the spin wave mode unambiguously.
Laser light of a single moded, frequency stabilized (Dn = 20
MHz) Ar+ laser with a wave length of llaser = 514.5 nm and a
laser power of 50 mW was focused onto the sample and the
frequency spectrum of the backscattered light was analyzed.
An external field was applied either along the wires or along
the axis of the dot lattice, while the in-plane wavevector
||IS|| )qq(q
rrr
-= , transferred in the light scattering process,
was oriented perpendicular to the applied field, and its value
was varied by changing the angle of light incidence, q, meas-
ured from the surface normal: q|| = (4p/lLaser)·sin q.
For identification of the spin wave modes in wires the BLS
scattering cross section of a given mode was measured.  Due
to a possible variation over time in the transmission of the
interferometer during the course of measurements, it is, in
general, very difficult to measure absolute values of the BLS
scattering cross section.  To overcome this problem, we used
the PSSW mode, registered for the entire investigated range
a)
y
z
x
b)
Fig. 1: a) SEM micrographs of the wires under investigation.  The orienta-
tion of the Cartesian coordinate system used for calculations is shown as
well. b) SEM micrograph of the investigated dot arrays.  Due to the oblique
incidence of the electron beam the circular dots appear ellipsoidal.
4Preprint Server AG Hillebrands. http://www.physik.uni-kl.de/w_hilleb, proc. of the 2nd Int. Symp. on Frontiers in Magnetism, Stockholm (1999) 01.09.99
of q||, as a reference for relative measurements of the BLS
scattering cross section.  The BLS intensity corresponding to
each in-plane mode was normalized to the intensity of the
PSSW mode.  The relative intensities obtained in this way
are very reproducible and were used for measuring the lateral
distribution of the dynamic magnetization through the wire
using the approach discussed above.
4. Results and discussion: wires
Figure 2 shows a typical BLS spectrum for the sample with a
wire width of 1.8 µm and a separation between the wires of
0.7 µm.  A transferred wavevector q|| = 0.3·10
5 cm-1 was
oriented perpendicular to the wires, while an external field of
500 Oe was applied along the wire axis.  As it is seen in Fig.
2, the spectrum contains four distinct modes near 7.8, 9.3,
10.4, and 14.0 GHz.  Note here, that in the region of interest
(5-17 GHz) the scanning speed of the interferometer was
reduced by a factor of three to increase the accumulation
time in this region and, thus, to improve the signal-to-noise
ratio.  By varying the applied field the spin wave frequency
for each mode was measured as a function of the field, as
displayed in Fig. 3.  The observed dependence of all fre-
quencies on the field confirms that all detected modes are
magnetic excitations.
To identify the nature of the observed modes, the dispersion
of the modes was measured by varying the angle of light
incidence, q, and, thus the magnitude of the transferred
wavevector, q||.  The results are displayed in Fig. 4 for two
samples with the same wire thickness of 40 nm and  width of
1.8 µm, but with different wire separations of 0.7 µm (open
symbols) and 2.2 µm (solid symbols).  It is clear from Fig. 4
that one of the detected modes, presented by circles, (near 14
GHz) is the PPSW mode, corresponding to p = 1 in Eq. (7).
In the region of low wavevectors the spin wave modes show
a disintegration of the continuous dispersion of the Damon-
Eshbach mode of an infinite film into several discrete, reso-
nance-like modes with a frequency spacing between the
lowest lying modes of approximately 0.9 GHz for d = 20 nm
(not shown) and 1.5 GHz for d = 40 nm.  As it is clear from
Fig. 4, there is no significant difference between the data for
the wires with a separation of 0.7 µm and 2.2 µm.  This fact
indicates that the mode splitting is purely caused by the
quantization of the spin waves in a single wire due to its
finite width.
As it is seen in Fig. 4, the first PPSW mode (p = 1) was ob-
served in the arrays with a wire thickness of 40 nm for the
entire investigated range of q|| .  It was used as a reference for
relative measurements of the BLS scattering cross section, as
it was described above.  The results of these measurements
are shown by black squares in Fig. 5.
Having a more close look on the dispersion curves and the
BLS cross section profiles of the magnetic wires one can
summarize the main features as follows: (i) For low
wavevector values (0 – 0.8·105 cm-1) the discrete modes do
not show any noticeable dispersion, behaving like standing
wave resonances.  (ii) Each discrete mode is observed over a
continuous range of the transferred wavevector q||.  (iii) The
lowest two modes appear very close to zero wavevector, the
higher modes appear at higher values.  (iv) The frequency
splitting between two neighbored modes is decreasing for
increasing mode number.  (v) There is a transition regime (q||
= 0.8 – 1.0·105 cm-1) where the well resolved dispersionless
modes converge towards the dispersion of the continuous
film (see dashed lines in Fig. 4).  (vi) There is no noticeable
difference for the samples with the same wire width w but
different wire separations (0.7 µm and 2.2 µm).
In order to understand the above experimental findings we
need (i) to explain why each discrete mode is observed over
a characteristic continuous range of transferred wavevectors,
and (ii) to calculate the frequencies of the observed eigen-
modes.
Since the discrete, dispersionless spin wave modes observed
for small wavevectors converge towards the dispersion of the
DE mode of the continuous film, it is natural to assume that
these modes result from a width dependent quantization of
the in-plane wavevector of the DE mode, discussed above.
As it was shown, the profile of the dynamic part of the mag-
netization m in the n-th mode has a cosine-like shape (see
Eq. (10)).  The analysis performed in [28] shows that the
light scattering intensity In(q) for each standing lateral mode
is proportional to the Fourier transform mq squared.  Due to
the truncation of the cos-function at the boundaries of the
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Fig. 2: Experimental Brillouin light scattering spectra obtained from the
sample with a thickness of 40 nm, a wire width of 1.8 µm and separation of
the wires of 0.7 µm.  The applied field was 500 Oe orientated along the
wire axis and the incoming wavevector of the light was orientated perpen-
dicular to the wires.  The transferred wavevector was q|| = 0.3·105 cm-1.  In
the region of interest (5-17 GHz) the scanning speed was reduced by a
factor three increasing the number of recorded photons by the same factor.
The arrows indicate the in-plane quantized spin wave modes.
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Fig. 3: Frequencies (for q|| = 0.3·105 cm-1) of the in-plane quantized
spin wave modes of the wire array with a wire width of 1.8 µm and  a wire
thickness 40 nm as a function of the applied field.  The lines are calculated
using either the DE-equation with quantized wavevectors (Q-DE) or the
Kittel formula (Eq. (11)) as indicated.  The line labeled PSSW shows the
frequency of the first perpendicular standing spin wave calculated using a
numerical procedure [12].
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wire, mq is non-zero over a continuous interval of q and,
thus, the discrete modes are observed over a finite interval of
the transferred wavevector q||.  The results of this calculation
for the lowest five modes, normalized for the best fit of the
n = 0 mode, are shown in Fig. 6b by gray colored lines.  A
good agreement between the experimental data and the re-
sults of the calculation justifies the chosen boundary condi-
tion and confirms that the observed spin wave modes are in
fact the quantized DE modes.
The frequencies of the observed modes can be approximately
determined by substituting the obtained quantized values of
wavevector, qy,n, into the dispersion equation of the DE
mode, Eq. (6).  The results of these calculations are shown in
Fig. 4 by the solid horizontal lines.  For the calculation the
geometrical parameters (wire thickness d = 40 nm,  wire
width w = 1.8 µm) and the independently measured material
parameters 4pMs = 10.2 kG and g/2p = 2.95 GHz/kOe were
used.  Without any fit parameters the calculation reproduces
all mode frequencies with n > 0 very well, and for the n = 0
mode a reasonable agreement is achieved.  Since the group
velocity q2Vg ¶¶np= of the dipolar surface spin wave (cf.
Eq. (6)) decreases with increasing wavevector,  the fre-
quency splitting of neighboring, width-dependent discrete
spin wave modes, which are equally spaced in q-space (qy,n =
np/w), becomes smaller with increasing wavevector qy,n, until
the mode separation is smaller than the frequency resolution
in the BLS experiment and/or the natural line width, and the
splitting is no longer observable in Fig. 4.  The evolution of
the mode frequencies with an increasing applied field, as
illustrated in Fig. 3, can be described as well.  The solid lines
marked as “Q-DE” are calculated using Eq. (6) with the
quantized values of wavevector.  With the exception of the
curve for n = 0 they also demonstrate a very good agreement
with the experiment.
Although the spatial distribution and the frequencies of the
observed modes are well reproduced, the above approach
ignores the correction of dynamic dipole fields due to the
finite width of the wires.  Since the magnetic dipole interac-
tion is a long-range one, the strength of the field at a given
position is determined not only by the amplitude of the dy-
namic magnetization in the vicinity of this position, but also
by the spatial distribution of the dynamic magnetization far
from this position.  Therefore, due to finite size effects
caused by the side walls, the dipole fields accompanying a
quantized mode in the wire differ from those of the DE-mode
of the infinite film with the same wavevector.  This correc-
tion, which is small in any case for the wires with a high
aspect ratio, is negligible for all modes with sufficiently high
quantum numbers (i.e., for modes with either p or n larger
than zero).  It is, however, observable for the lowest, uniform
mode (p = 0, n = 0).  The finite size effect can be easily
taken into account for long wires with ellipsoidal cross-
section since the dynamic dipole field is homogeneous in this
case.  The corresponding frequency is given by the Kittel-
formula [29]:
( ) ( )[ ] 21sySx M4NHM4NH2 p×+×p×+×p
g
=n (11)
where Nx and are the demagnetization factors along the x-
and y-direction in the wire cross-section (note here that the
demagnetization factor along the wire, Nz, is negligible).  In
our particular case of a wire with a rectangular cross-section
Eq. (11) is not exactly applicable, as the dynamic demagneti-
zation field is not exactly homogeneous.  However, since the
thickness of the wire is much smaller than its width (d << w),
one can consider this field to be approximately homogeneous
in agreement with the analytical solution for demagnetizing
fields of a rectangular prism found by Joseph and Schlömann
[30].  The corresponding demagnetization factors are:
Ny = 2d/pw, Nx = 1- Ny.  The calculated value of Ny is in a
good agreement with that obtained from static measurements.
The frequency of the lowest mode calculated on the basis of
Eq. (11) using the above demagnetization factors is shown
by a dotted horizontal line in Fig. 4.  Its field dependence is
illustrated in Fig. 3 by a solid line, marked as “
The agreement with the experiment is convincing.  It is much
more complicated to take into account the finite size effects
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Fig. 4: Obtained spin wave dispersion curves for an array of wires with
a wire thickness of 40 nm, a wire width of 1.8 µm and a separation between
the wires of 0.7 µm (open symbols) and 2.2 µm (solid symbols).  The
external field applied along the wires axis was 500 Oe.  The solid horizontal
lines indicate the results of a calculation using Eq. (6) with the quantized
values of q||.  The dotted horizontal line indicates the result of calculations
for the mode n = 0 using Eq. (11).  The dashed lines showing the hybrid-
ized dispersion of the Damon-Eshbach mode and the first perpendicular
standing spin wave mode were calculated numerically for a continuous film
with a thickness of 40 nm.  On the right side the mode profiles are illus-
trated.
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Fig. 5: Measured BLS intensities (black squares), normalized to the
intensity of the PSSW mode, of the in-plane quantized spin wave modes as
a function of the wavevector q|| and the mode number n in comparison to
the calculated Fourier transform mq squared (gray colored curves).
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for the non-uniform modes.  However, from the qualitative
considerations it is obvious that the correction of the demag-
netizing fields (or demagnetization factors) due to the finite
size of the wire rapidly decreases with increasing mode num-
ber.  Therefore, the good reproduction of the mode frequen-
cies for n > 0 just on the basis of Eq. (6) is not surprising.
5. Results and discussion: circular dots
Figure 6 shows the anti-Stokes side of a typical Brillouin
light scattering spectrum for a transferred wavevector of q|| =
0.21·105 cm-1 for the sample with a dot thickness of 40 nm, a
dot diameter of 2 µm, and a dot separation of 0.2 µm.  An
external field of 600 Oe was applied in-plane along the array
axis.  Near 7.0, 7.9, 9.8, 11.4 and 14 GHz several distinct
spin wave modes are clearly observed.  All these modes are
magnetic excitations as concluded from the measured field
dependence of the mode frequencies.  The peak near 14 GHz
is also observed on the non-patterned films.  It has a dot
thickness dependence w µ d–2, and it shows no essential
Stokes/anti-Stokes asymmetry.  Therefore, it is identified as
corresponding to the perpendicular standing exchange domi-
nated spin wave mode.  The value of the exchange stiffness,
calculated from the measured frequencies of these modes is
A = 1×10-6 erg/cm, which is in a good agreement with the
results of other studies [31].
By changing the angle of light incidence the value of q|| is
varied and the dispersion of the observed mode is obtained
as demonstrated in Fig. 7 for the array of dots with 2 µm dot
diameter and 0.2 µm dot separation.  As it is seen in the
figure, several discrete dispersionless modes are detected
over the measured wavevector interval.  A tendency that the
splitting between neighboring modes decreases with in-
creasing mode frequencies is clearly seen.  A similar effect
has already been observed for magnetic wires.  It is due to
the fact that the group velocity qVg ¶¶w=  of the Damon-
Eshbach mode decreases with increasing wavevector.  In the
case of wires, where the spin wave modes are characterized
by quantized equidistant wavenumbers q||,i, this fact neces-
sarily leads to a decreasing frequency splitting.  Two-
dimensional quantization conditions in a circular dot are not
so simple, as are those for the wires.  Therefore, it is not
surprising that the splitting between the three lowest lying
modes, shown in Fig. 7, presents an exception from this rule.
Using a numerical procedure [16], the frequencies of the
Damon Eshbach mode and the first perpendicular standing
spin wave mode for an infinitely extended, continuous film
of same thickness (d = 40 nm) were calculated, using the
values of the demagnetizing factors, obtained from separate
static MOKE magnetometry.  The results of the calculation
are plotted in Fig. 7 as dashed lines.  The frequency of the
uniform mode of a single disc (w = 7.35 GHz) calculated
using the Kittel-formula [29], is shown as a horizontal dotted
line as well.  The calculations clearly demonstrate that for
large transferred wavevectors (2p/q||<<D) the measured dis-
persion converges to the dispersion of a continuous film of
the same thickness, and the two quantized lowest modes have
frequencies near the frequency of the uniform mode.
The five lowest spin wave modes of arrays of dots with the
same dot thickness as presented in Fig. 7, but with a smaller
dot diameter (D = 1 µm) are shown in Fig. 8 for two different
dot spacings.  First, it is clear from a comparison of Figs. 7
and 8, that the wavevector interval, where each mode is ob-
served, scales approximately as D-1.  This result is in agree-
ment with the theoretical analysis performed in [28], which
has shown that the light scattering intensity from a given spin
wave mode confined in an island is determined by the Fou-
rier transform of the mode profile over the island.  Second,
changing the thickness of the dots, one observes that the
frequency splitting between neighboring modes decreases
with decreasing dot thickness, in accordance with the fact
that the group velocity of the Damon-Eshbach mode at a
given q|| decreases with decreasing film thickness.  The above
presented experimental findings lead to the conclusion that
the observed dispersionless, resonance-like modes are the
spin waves, quantized due to lateral confinement in a single
dot.  As it was already mentioned, there is no theory de-
scribing the spectrum of spin waves confined in a tangen-
tially magnetized circular dot.  However, the obtained results
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 Fig. 6: Obtained BLS spectrum for a sample with a dot diameter of 2
µm and a dot separation of 0.2 µm for q|| = 0.21·105 cm-1 with an external
field of 600 Oe applied in-plane demonstrating the existence of several
discrete spin wave modes.  The peaks corresponding to laterally quantized
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Fig. 7: Obtained spin wave dispersion curve for a square array of dots
with a dot thickness of 40 nm, a dot diameter of 2 µm and a dot separation
of 0.2 µm.  An external field of 600 Oe was applied in-plane along the axis
of the array lattice.  The dashed lines show the results of a spin wave cal-
culation for a continuous film of the same thickness as the dots.  The dotted
line marks the calculated frequency of the uniform mode of a single dot.
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are in an agreement with the qualitative considerations pre-
sented above.
Since the considered spin waves are the magnetostatic
modes, and since magnetic dipole interaction is long-range,
the question of a possible inter-dot mode coupling is of im-
portance.  Also, from the practical point of view, inter-dot
coupling restricts the density of dot arrays in, e.g., magnetic
memory applications.  Figure 8 shows the frequencies of the
spin wave modes, obtained on arrays having the same dot
thicknesses and dot diameter, but with different inter-dot
distances: open symbols correspond to d = 0.1 mm, whereas
full symbols correspond to d = 1 mm.  A clear frequency
upshift of the two lowest modes of the sample with d = 0.1
mm documents the existing inter-dot mode coupling.  The
weaker influence of the inter-dot coupling on higher modes
can be understood as follows:  Higher modes have mode
profiles with a high number of nodes.  The dynamic dipole
field created by such profiles outside the dot is weaker com-
pare to those of the homogeneous mode.  Therefore the dy-
namic inter-dot mode coupling caused by those fields is
weaker.
As a final remark, let us emphasize the difference between
the lateral spin wave quantization observed in this work and
the quantization of perpendicular standing spin waves in thin
magnetic films.  The former effect is the quantization of the
dipole dominated spin waves with relatively small in-plane
wavevectors and with frequencies determined by long-range
interacting dipole fields, whereas the latter describes spin
waves with large wavevectors perpendicular to the film
plane, defined by the thickness of the film and with frequen-
cies determined by the exchange stiffness.  Due to the long-
range nature of the dipole fields, laterally quantized spin
waves can form collective excitations under appropriate
conditions in arrays of wires.  Investigations of such collec-
tive excitation are the subject of future studies.
In summary, we have observed spin wave quantization in a
periodic array of magnetic dots and wires.  The discrete
modes can be understood as the width-dependent quantiza-
tion of the dipolar surface spin wave mode (in-plane quan-
tized DE mode).  In the case of wires an excellent agreement
between the calculated and measured values of (i) the fre-
quency of the modes, (ii) the wavevector interval, where the
modes are observed, and (iii) the BLS-intensity vs.
wavevector dependence of each mode support our interpre-
tation.  For larger wavevectors quantized modes converge
towards the dispersion of the infinite continuous film.  The
spin wave modes quantized in circular dotes are studied for
samples with different dot diameters and thicknesses, as well
as with different inter-dot distances.  The existence of inter-
dot mode coupling is found.  For a full description of the
frequencies and the mode profiles of the dots further theo-
retical work is required.
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full symbols of 1 µm.  The dot horizontal line indicates the calculated
frequency of the uniform mode of a single dot.
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